METHODS AND APPARATUSES FOR MEASURING THE REFRACTIVE INDEX 
AND OTHER OPTICAL PROPERTIES OF LIQUIDS, GELS, AND SOLIDS 

FIELD OF THE INVENTION 
[0001] The present invention relates to methods and apparatuses for measuring the index 
of refraction of liquids, solids, and gels. 

BACKGROUND OF THE INVENTION 
[0002] There is a general interest in the art to characterize the index of refraction (also 
called refractive index, or RI) of the materials used in optical and opto-electronic systems. 
These materials include liquids, gels, and solids. 

[0003] Index matching fluids (IMF) have been widely used in fiber optic applications in 
order to reduce the reflection losses between optical components. They can take the form of 
liquids or gels, each having a substantial range of viscosity. The refractive index is one of the 
most important properties of an IMF, and for some optical systems, knowledge of the precise 
value is absolutely critical. Precise determination of refractive index of liquid substances is 
also desired in non-optical fields, such as in the food and oil industries since the refractive 
index is often correlated with other properties and since it can often provide an easier way of 
indirectly measuring those other properties. 

[0004] A refractometer, a prism coupler, and an ellipsometer are three traditional 
apparatuses for measuring refractive index. In a refractometer, light is passed through a 
transparent block of solid material and the distance between the exit spot and a reference point 
is determined to evaluate the refractive index of the material. In a prism coupler, a prism is 
placed on top of a layer of the material to be measured, and the critical insertion angles, i.e., 
angles of the optical tunneling for various modes at the interface between the prism and the 
layer, are used to evaluate the refractive index of the thin film material. An ellipsometer 
relies on the polarization dependence of the light reflecting at an interface, and on the phase 
change, which depends on the refractive index of the material when the light travels through a 
layer of the material. More recently, a number of interferometric methods have been 
developed and applied to measure refractive index and/or its changes for various materials. 
All these methods require a solid piece of material, or at least a cured gel-like layer of 
material. 
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SUMMARY OF THE INVENTION 
[0005] In making their invention, the inventors have recognized that there is no easy and 
inexpensive way of measuring the refractive index of liquids or gels with high accuracy. 

[0006] A first invention of the present application encompasses apparatuses and methods 
for measuring the refractive index of liquids, gels, and liquids that can be changed to solids 
(e.g., curable liquid substances) by filling the same inside a lens structure (such as planar 
microlens structure in preferred embodiments) and measuring the beam width at distance 
away from the lens structure. The present invention enables measurements on both static 
specimens and dynamic specimens, the latter being, for example, a liquid material flowing 
through a planar microlens structure according to the present invention. Results obtained to 
date indicate that a system and method according to the present invention can achieve an 

-4 

absolute precision of at least 1x10 in the refractive index. While this degree of accuracy is 
comparable to existing absolute-precision systems, apparatuses and methods according to the 
present invention can be implemented at far less cost than existing systems, and can provide 
greater degrees of flexibility in measuring specimens. 

[0007] An exemplary apparatus for measuring the refractive index of a substance 
according to the first present invention comprises a substrate, a planar spreading lens disposed 
on the substrate, and a planar converging lens that is disposed on the substrate and that has a 
first surface facing the planar spreading lens and a second surface opposite to the first surface. 
A gap is located between the planar spreading lens and the planar converging lens, and is 
capable of receiving the substance whose refractive index is to be measured. A beam profiler 
is disposed opposite to the second surface of the planar converging lens, and spaced at a 
distance from the planar converging lens. 

[0008] As a second invention of the present application, a lens structure with a gap for 
receiving a sample is provided. The lens structure enables a light beam to be deflected in 
relation to the refractive index of the sample. In a first set of implementations, the sample is 
placed at an angle with respect to the light beam in the lens structure. In another set of 
implementations, the lens structure has comprises two lenses with optical axes that are angled 
with respect to one another. 
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[0009] As a third invention of the present application a multi-lens structure for receiving 
two or more samples of the same material is provided. Each lens structure has a gap between 
two lenses, with at least two gaps being different in length. Optical properties of the two 
materials may be characterized over two different lengths of material, with lens components 
that are substantially matched in characteristics. The difference between samples may be 
used to estimate various properties of the material, such as optical loss (e.g., attenuation). 

[0010] As a fourth invention of the present application, a lens structure is integrated on a 
substrate in close proximity to an optical device to monitor the properties of an optical 
material of the device during operation, such as over long periods of time. The lens structure 
has a gap between two lenses, with the gap being filled with the optical material of the device 
to be monitored. The monitoring may be used by control circuitry for the device to modify 
control signals to the optical device to compensate for changes in the properties of the devices 
optical material. 

[0011] It is an objective of the present invention to provide an inexpensive method and 
apparatus for measuring the index of refraction of liquid, gels, and solids. 

[0012] It is yet another object of the present invention to provide a compact apparatus for 
measuring the index of refraction of liquid, gels, and solids. 

[0013] It is a further object of the present invention to provide methods and apparatuses 
for measuring the index of refraction of liquid, gels, and solids in the presence of magnetic 
fields, electric fields, temperature extremes, and other environmental conditions. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0014] FIG. 1 shows a top plan view of an exemplary assembly embodiment according to 
the first present invention. 

[0015] FIG. 2 shows a side view of the exemplary assembly embodiment of FIG. 1 
according to the first present invention. 

[0016] FIG. 3 shows a side view of the layer construction of the lenses and waveguide of 
the exemplary assembly embodiment shown in FIGS. 1 and 2 according to the present first 
invention. 
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[0017] FIG. 4 shows an exemplary ellipsoidal curvature of the first lens according to the 
first present invention. 

[0018] FIG. 5 shows an exemplary ellipsoidal curvature of the second lens according to 
the first present invention. 

[0019] FIG. 6 shows a top view of an exemplary apparatus according to the first present 
invention. 

[0020] FIG. 7 shows a graph of beam width versus refractive index and distance between 
lens and profiler according to the first present invention. 

[0021] FIG. 8 shows a relationship of beam width and refractive index of the substance 
being measured according to the first present invention. 

[0022] FIG 9 shows an exemplary fixture and its use according to the first present 
invention. 

[0023] FIGS. 10 and 1 1 show exemplary lens ellipses according to the present inventions. 

[0024] FIGS. 12 and 13 show exemplary assemblies which facilitate the measurement of 
temperature dependency according to the present inventions. 

[0025] FIG. 14 shows an exemplary configuration which facilitates the measurement of 
electric-field dependency according to the present inventions. 

[0026] FIG. 15 shows an exemplary configuration which facilitates the measurement of 
magnetic-field dependency according to the present inventions. 

[0027] FIG. 16 shows an exemplary configuration which facilitates the measurement of 
time dependency (dynamic measurement) according to the present invention. 

[0028] FIGS. 17-19 are top views of exemplary embodiments according to a second 
invention of the present application. 

[0029] FIGS. 20-21 are top schematic views of further methods according to the second 
invention of the present application. 

[0030] FIG. 22 is a top view of exemplary embodiment according to a third invention of 
the present application. 
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[0031] FIG. 23 is a top view of exemplary embodiment according to a fourth invention of 
the present application. 

DETAILED DESCRIPTION OF THE INVENTION 
[0032] Methods and apparatuses according to the present invention are first generally 
described before providing specific embodiments. A substance whose refractive index is to 
be measured is disposed between a first lens and a second lens. In preferred embodiments, 
the first lens is a spreading lens and the second lens is a converging lens. A light beam is 
passed through the spreading lens, the substance to be tested, and the converging lens, with 
the light beam exiting the converging lens into a medium of different refractive index, 
preferably lower (e.g., air). Taking into account the refractive index of this medium and the 
wavelength(s) of the light beam, and also the target range of refractive index for the 
substance, the refractive indices and geometries of the lenses are preferably designed such 
that exiting light initially converges, and then diverges with distance away from the 
converging lens. The beam width varies with the value of the refractive index of the 
substance (as measured in both of the converging and diverging sections), such that the 
refractive index may be estimated through comparison of the beam width to a previously- 
determined relationship between refractive index and beam width. The comparison may 
occur in either the converging section or the diverging section. The previously-determined 
relationship may be determined empirically, or by simulation, or by a combination of 
experiment and simulation, examples of which are provided below. The light is preferably 
monochromatic or has a relatively narrow range of wavelengths (e.g., 100 nm), but may 
comprise a full spectrum or partial spectrum (in which case an "average" refractive index may 
be obtained). The light may be coherent or incoherent. 

[0033] The present invention may be practiced using conventional lenses, which have 
three-dimensional optical surfaces (like that of the surface of a ball), or may be practiced 
using lenses built upon planar substrates, with these lenses having two-dimensional optical 
surfaces rather than three-dimensional surfaces. These latter lenses are referred to herein as 
"planar lenses" since they are built upon planar substrates. Embodiments using planar lenses 
are presently preferred since they can be manufactured at lower costs and can be made in 
more compact dimensions, if so desired. 
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[0034] FIGS. 1-6 show various views of a first embodiment of an exemplary apparatus 
and method according to the present invention where planar lenses are used. The first 
embodiment is shown at reference number 10 in whole in FIG. 6. Common reference 
numbers are used in these figures to identify the elements of the apparatus. FIG. 1 shows a 
top plan view of an assembly 1 1 that holds a planar spreading lens 20 and a planar converging 
lens 24 on the top surface of a substrate 12. The lenses are held in a fixed relationship to one 
another with a gap 22 between them. Substrate 12 has a first side 13, and a second side 14 
opposite to the first side 13. Light is preferably provided to spreading lens 20 by way of a 
ridge waveguide 18, which in turn can receive the light by a source integrated onto substrate 
12 or by a source external to substrate 12. FIG. 1 shows an embodiment where the light 
source is coupled from an optical fiber to waveguide 18 using any kind of fiber interconnect, 
which is designated in FIG. 1 by reference number 16. Fiber interconnect 16, when used, is 
preferably disposed near or at the first side 13. Other optical coupling arrangements may be 
use, such as optical focusing of light onto the left side of lens 20, which can be readily done 
when using the fixture (50) described below in greater detail with regard to FIG. 9. If using 
an integrated light source, the light source 5 would be moved to the position of fiber 
interconnect 16 in FIG. 6. Converging lens 24 is spaced from side 14 by distance D 0 , which is 
explained below in greater detail. Between converging lens 24 and side 14, there is disposed 
an exit medium 28, which is typically air having an index of refraction of 1.0003. The area on 
the top surface of the substrate 12 located between lens 24 and the second side 14 and the exit 
medium are free of obstructions to the wavelengths of light being emitted by source 5. In this 
figure, and in FIGS. 2 and 4-6, the center optical axis is denoted by reference number 15. The 
center optical axis 15 is also known as the principal optical axis. 

[0035] FIG. 2 shows a side view of assembly 11, with sides 13 and 14, and components 
16, 18, 20, 22, 24, and 28 being shown. Each of waveguide 18, spreading lens 20, and 
converging lens 24 comprises a core layer disposed over a bottom cladding layer, as shown in 
FIG. 2, and in greater detail in FIG. 3. Preferably, an upper cladding layer is formed over the 
core layer, but an upper cladding layer is not strictly required as air can effectively act as an 
upper cladding layer because of its lower refractive index. Propagation of light through the 
core layer can be characterized by an effective refractive index that can be estimated by 
mathematical formulas well known to the art, by computer-based simulation programs readily 
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available to those of ordinary skill in the art, or by empirical test methods/structures known to 
the art. The mathematical formulas and simulation programs compute the effective refractive 
index based primarily upon the wavelength of the light, the thicknesses of the layers, and the 
refractive indices of the layers. 

[0036] Referring back to FIG. 1, spreading lens 20 has a length Ls parallel to axis 15, 
converging lens 24 has a length Lc parallel to axis 15, and both lenses have a width W L 
perpendicular to axis 15. Gap 22 has a length Lq, as measured at axis 15 (center of width 
Wl). Spreading lens 20 has a first side coupled to waveguide 18, and a second side opposite 
to the first side and having a convex surface. With waveguide 18 coupled to spreading lens 
20 directly, and with the cores of waveguide 18 and spreading lens 20 having the same 
effective index of refraction, the first side of spreading lens 20 may have a surface of any 
shape. Converging lens 24 has a first side with a convex surface, and a second side opposite 
to the first side. The second side of converging lens 24 faces exit medium 28, and typically 
has a flat surface, but may have a concave shape or a convex shape since the curvatures of 
both sides of converging lens 24 may be selected to provide a desired degree of convergence. 

[0037] Referring to FIGS. 4 and 5, each of the curvatures of lenses 20 and 24 may be 
mathematically specified by the contour of an ellipse, which is referred to herein as the lens 
ellipse. A generic ellipse has a major axis "a" disposed along the x-axis of the coordinate 
system, a minor axis "b" disposed along the y-axis of the coordinate system, and a 
mathematical definition of: (x 2 /a 2 ) + (yVb 2 ) = 1. By convention, the major axis is along the 
longer dimension of the ellipse, with the longer dimension being 2a and the shorter dimension 
being 2b. In our case, without loss of generality, we prefer to align center optical axis 15 with 
the x-axis of the coordinate system {i.e., to be parallel and co-linear to the optical axis 15). 
Since lenses 20 and 24 will sometimes have their longer dimensions oriented transverse 
(perpendicular) to center optical axis 15, we will adopt a new convention for defining the 
ellipse axes rather than use the "a" and "b" axes convention. In our convention, the ellipse 
axis which is parallel to optical axis 15 will be generally denoted as the P-axis with a value 
"P" and the ellipse axis which is transverse to optical axis 15 will be generally denoted as the 
T-axis with a value "T." For spreading lens 20, a subscript "S" will be added to these values 
(e.g., P s and T s ); for converging lens 24, a subscript "C" will be added to these values {e.g., 
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P c and T c ). With these definitions, the curvature of spreading lens 20 may be defined by the 
mathematical equation: (x 2 /P s 2 ) + (yVTs 2 ) = 1, and the curvature of converging lens 24 may 
be defined by the mathematical equation: (x 2 /P c 2 ) + (y 2 /^ 2 ) = 1. The diameters of lenses 20 
and 24 along the P-axes are 2P S and 2P C , respectively; and the diameters of lenses 20 and 24 
along the T-axes are 2T S and 2T C , respectively. 

[0038] As described below in greater detail, the values of Ls, Lc, Lq, Wl, and the 
curvatures of the lenses (e.g., Ps, T s , Pc, Tc) are selected for a desired test range of refractive 
index for the substance being measured, and are selected to provide a beam width that 
monotonically varies as a function of the substance's refractive index within the test range. 
This usually results in the light having a beam width of at least 50 ^m as it exits the second 
surface of converging lens 24, and more typically results in the light having a beam width of 
at least 100 ^m to at least 150 ^m at this point (beam widths of at least 200 ^m are possible). 
An exemplary embodiment will also be given. While it is preferred that the P-axes of the 
lenses be aligned with center optical axis 15, it may be appreciated that embodiments can be 
constructed with the P-axes offset and/or rotated with respect to center optical axis 15. In 
addition, while lenses with ellipsoidal curvatures (Ps ^ Ts, Pc ^ Tc) are presently preferred, 
it may be appreciated that embodiments can be constructed with one or both lenses having 
circular curvatures. The lenses may also have different widths W L , may also have different 
layer constructions, and may also have different effective core refractive indices. 

[0039] FIG. 6 is a top plan view showing assembly 1 1 disposed between a light source 5 
and a beam profiler 30. Light source 5 is coupled to ridge waveguide 18 by way of optical 
fiber 6, which is held in place relative to waveguide 18 by fiber interconnect 16. FIG. 6 also 
shows a substance 1, whose refractive index is to be measured, disposed within gap 22. Also 
shown in FIG. 6 are capillary guides 26 disposed at the edges of lenses 20 and 24. Capillary 
guides 26 may comprise ridges of material that may be formed during the formation of lenses 
20 and 24 (with the same material), or may be formed or attached after lenses 20 and 24 have 
been formed. Guides 26 provide an opening to substance 1 that is wider than distance L G , and 
act to direct substance 1 to the faces of lenses 20 and 24 by capillary action. While two pair 
of capillary guides are shown (one pair on either side of optical axis 15), one pair on one side 
of optical axis 15 would be sufficient to draw a liquid into lens gap 22. In some 
implementations, such as when Lc is relatively wide, guides 26 are not needed. In still other 
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implementations that do not need guides 26, a recess may be formed in substrate 12 in the 
general area where substance 1 is to be disposed, including the areas between the guides 26 
shown in FIG. 6. The recess may take the general outline of substance 1 shown in FIG. 6, and 
has distal edges that are wider than distance Lq, thereby acting to direct substance 1 to the 
faces of lenses 20 and 24 by capillary action. An exemplary recess is shown at 27 in FIG. 1, 
as outlined at one of its distal edges. While guides 26 are not needed for embodiments that 
use the recess, they nonetheless may be incorporated onto the substrate. 

[0040] The Beam profiler 30 has at least the ability to measure a width of the light beam 
presented to its optical capture window, and is oriented to measure the beam width in a 
direction which is parallel to the top surface of substrate 12. Many beam profilers are capable 
of measuring the beam width in two orthogonal directions, but this is not needed to make and 
use the present invention. Most beam profilers define the beam width as the distance between 
the two points on either side of the beam's maximum intensity point (i.e., the center point), 
with the two points having intensities equal to a certain fraction of the beam's maximum 
intensity value. Typically, the value of that certain fraction is 1/e 2 =0.135335, where e is the 
base of the natural logarithm (e=2.71828. . .). In other words, the light intensity at these two 
side points is equal to 1/e 2 (0.135335) multiplied by the maximum beam intensity (at the 
center point). Instead of using the fraction of 1/e 2 , some profilers use the fraction 54 (so-called 
"full-width, half maximum" definition), or allow the user to define the fraction. In addition, 
some profilers may define the width as the distance from the maximum intensity (at center) to 
one of the side points (or as the average of the two distances to the side points), but these 
definitions are not conventional. Nonetheless, the present invention may be practiced with 
any definition of the beam width. The inventors have practiced the present invention using a 
BeamScan® profiler manufactured by Photons, Inc. This profiler is a slit-based real-time 
beam profiler, and uses a large area monolithic detector that collects light transmitted through 
a slit aperture as it passes through the beam. 

[0041] FIG. 6 also shows the initial convergence, then divergence, of the beam width as 
the light travels from the converging lens to the beam profiler over a distance Ds. The profile 
of the beam varies with the refractive index of the substance to a degree that can be readily 
detected by beam profiler 30. At a distance of Ds = 35 mm, a typical beam width is around 
250 /xm, and varies by approximately 30 |im for a change of SxlO" 4 in the refractive index of 
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substance 1. 

[0042] The variation in beam width with respect to distance Ds and refractive index of the 
substance for an exemplary embodiment is shown in FIG. 7. The parameters for this 
exemplary embodiment are provided below in Example 1. The curves in FIG. 7 may be 
generated by optical simulation software well known to the art (such as OptiBPM® by 
Optiwave Corporation), or may be measured empirically by using several substances of 
known refractive index, and by placing the profiler's scan head on a carriage that is moved on 
an automated rail, with the profiler measuring the beam width as it is moved away from 
converging lens (in this case, D 0 is set at a small value, such as 1 mm). In the empirical 
approach, the beam propagation profile is preferably measured three or more times to avoid 
errors due to misalignment of the system, and the final curves are averaged. The beam width 
is then calculated after subtracting the background intensity. 

[0043] By extracting data along a vertical line in FIG. 7, such as along the vertical line of 
"distance from lens" = 35 mm, a relationship between beam width and refractive index of the 
substance can be generated (for that distance). Such a relationship is shown at 40 in FIG. 8. 
The vertical line used to extract data from FIG. 7 is preferably located near the greatest 
divergence in the data curves, and the lens system components 20, 22, and 24 are preferably 
designed to provide a beam width of at least 100 /im in this area. Relationship 40 is a 
monotonic relationship that relates the measured beam width (at a given distance D s ) to the 
refractive index of the substance 1 being measured. By taking the measured beam width, one 
may draw a horizontal line across the graph, with the horizontal line intersecting the beam- 
width axis at the measured value of beam width. The horizontal line intersects relationship 40 
at a point, and a vertical line may be drawn from this point down to refractive-index axis. The 
intersection of the vertical line with the refractive-index axis gives the corresponding value of 
the substance's refractive index. In general, profiler 30 has error in its measurement process. 
For example, when using BeamScan® profiler manufactured by Photons, Inc. for profiler 30, 
the beam width can be measured with accuracy better than ± 2%, which is approximately 
±5 jim for a mean beam width of 250 /zm. As shown in FIG. 8, one may bracket the measure 
value with dashed lines representing the upper and lower error bounds. These dashed lines 
intersect relationship 40, and corresponding vertical dashed lines to the refractive-index axis 
may be drawn in order to generate error bounds on the refractive index value. 

W02-SF:5HY\61407168.1 -10- 



[0044] In preferred embodiments, a mathematical form for relationship 40 is generated, 
and the above process of finding refractive index values from measured beam width values is 
done by evaluating the mathematical form. In other words, from the data, a mathematical 
relationship can be generated which gives the refractive index as a function of a variable, 
whose value is set equal to the measured beam width. The mathematical form can have many 
embodiments. For example, in such embodiment, a quadratic equation having the form 
RI=a*BW + b*BW + c, where RI is a variable representing refractive index and BW is a 
variable representing measured beam width, can be fitted to the data using well known least- 
squares fitting methods. In a second such embodiment, the mathematical form may comprise 
a set of linear equations of the form RI=bj*BW + cj , with each linear equation connecting 
two data points and being used to provide the relationship between those two data points. In a 
third such embodiment, the mathematical form may comprise a mathematical spline function, 
many forms of which are well-known to the mathematics art. Other mathematical functional 
forms are possible, and the present invention is not limited to the examples provided above. 

[0045] Apparatus 10 may include a controller 60 that performs the tasks of instructing 
beam profiler 30 to measure the beam width BW, and to compute the refractive index from 
the measured beam width BW and relationship 40. Signal lines, either wired or wireless, are 
coupled between controller 60 and beam profiler 30 to assist in executing these tasks. In 
addition, signal lines, either wired or wireless, may be coupled between controller 60 and a 
user interface device, such as a keyboard and computer terminal. The latter elements are 
generally indicated in FIG. 6 as "AUX. devices" and "AUX. sensors", where "AUX." is a 
shorthand notation for auxiliary, and where "AUX. sensors" include keyboard, key pads, 
buttons and the like. 

[0046] A number of approaches may be used to position assembly 1 1 from beam profiler 
30 to achieve the desired separation distance D s . In one approach, distance D 0 of assembly is 
set substantially equal to D s , and assembly is abutted against the protective facing for the 
optical capture window of profiler 30. To compensate for the small distance between the 
protective facing and optical capture window of profiler, the value of Do is to be less than D s 
by this small distance. In preferred embodiments in this first approach, since light exiting lens 
24 can reflect off substrate 12 and affect the measured beam profile, the top surface of 
substrate 12 in the area between lens 24 and side 14 is treated so as to be light-absorbing, such 
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as being coated with a light-absorbing material. In a second approach, assembly 1 1 is 
constructed with distance Do set to a value near zero, and assembly 1 1 is placed in a fixture 
50, as shown in FIG. 9. Fixture 50 comprises a frame or substrate 51, a first retainer 52 
disposed on frame/substrate 51 for holding substrate 11, a second retainer 56 disposed on 
frame/substrate 51 for attaching to the optical capture element of profiler 30 (or in some cases 
holding the optical capture element of profiler 30 depending upon the type of profiler used), 
and an optically-cleared area 54 disposed between retainer 52 and 56. Fixture 50 substantially 
sets (i.e., substantially fixes) the distance between lens 24 and the optical capture window of 
profiler 30 to the desired value of Ds. As one exemplary embodiment, each of elements 52, 
54, and 56 may comprise a respective recess in a substrate 51 (as shown in FIG. 9). In other 
embodiments, first and second retainers 52 and 56 may comprise holders (e.g., clamps) that 
are attached to a common frame 5 1 and elevated above the body of the frame to provide 
optically-cleared area 54. 

[0047] Thus, to summarize, a substance 1 is disposed in gap 22 of assembly 11. 
Assembly 1 1 is aligned with beam profiler 30 with the desired separation distance Ds. When 
not using fixture 50, the value of Do may be set to achieve the desired value of Ds when side 
14 is contacted to the face of beam profiler 30. When using fixture 50, Do is set to a value 
that enables assembly 1 1 to be received by retainer 52. Light is then coupled to waveguide 18 
from light source 5. Using profiler 30, the width of the exit beam is measured (several 
measurements may be taken and then averaged), and the refractive index of substance 1 is 
estimated with a high degree of accuracy from the measured beam width and relationship 40. 

Example 1. 

[0048] Table 1 provides exemplary parameters for assembly 11 in the case of measuring 
refractive index in the range of 1 .330 toT .336 using light having a wavelength of 1550 nm. 
FIGS. 10 and 1 1 show the relative shapes and curvatures of lenses 20 and 24 for this 
exemplary embodiment. 
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Refractive Index Range for the Substance . . 1.330 to L336 



Wavelength of source light 1550 nm 



Thickness of lens core layer 5 /on 

Refractive index of core layer 1 .4553 

Thickness of lens bottom cladding layer ... 15 /xm 

Thickness of lens top cladding layer 7.5 fim 

Refractive index of cladding layers 1 .444 

Effective core refractive index 1 .45 1 974 



Width of lenses 20 and 24 W L = 650 urn 

Length of spreading lens 20 Ls = 2000 /im 

Curvature of spreading lens 20 P s = 944 /an 

T s = 469 lira 

Length of converging lens 24 Lc = 450 /xm 

Curvature of converging Lens 24 P c = 2143 /xm 

T c = 1066/xm 

Gap length between lenses Lg = 50 /xm 



Refractive Index of exit medium 1 .0003 (air) 

TABLE I 



[0049] To measure other ranges of refractive index, it is best to construct lens 20 and 24 
to provide a relationship 40 with good slope characteristics (i.e., not too shallow, and with a 
good divergence pattern as shown in FIG. 7). After selecting a desired RI measurement range 
for assembly 11, one of ordinary skill in the art, in view of the teaching of this disclosure, can 
employ commercially available optical simulation software well known to the art (such as 
OptiBPM® by Optiwave Corporation) to select the parameters of the lens 20 and 24 and the 
length of gap 22 to provide for a relationship 40 with good characteristics for the desired 
range. As some basic guidance, we provide the following qualitative guidance. To measure a 
refractive index range that is greater than that targeted by Example 1, such as a range around 
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1 .6 instead of 1 .33, the transverse axis of one or both of the lenses 22 and 24 (T s and/or T c ) 
should be reduced. To measure a refractive index range that is less than that targeted by 
Example 1, such as a range around 1.1 instead of L33, the transverse axis of one or both of 
the lenses 22 and 24 (Ts and/or T c ) should be increased. 

[0050] The above-described methods and apparatus can be used to determine the absolute 
value of the refractive index for almost any liquid, gel or curable liquid gel with an absolute 
precision of at least 1 x 1 0" 4 when using a typical beam profiler. The above methods and 
apparatuses are simple, inexpensive, and rugged (durable), and, thus, can be easily reproduced 
in laboratory and manufacturing conditions. We illustrate each below. The methods and 
apparatuses can also be easily applied to determine the variations in the refractive index of a 
substance caused by a number of factors, including temperature, wavelength, electric field, 
magnetic field, and humidity. 

[0051] Referring to FIG. 6, refractive index can be measured as a function of wavelength 
by using a wavelength-tunable light source for light source 5. In this embodiment, controller 
60 may be used to control light source 5, and may step through a plurality of different light 
wavelengths while it controls beam profiler 30 to measure the beam width BW at each 
selected light wavelength. In this manner, one may assemble a correlation of refractive 
indices for substance 1 at a plurality of different light wavelengths, and then construct from 
this a relationship between refractive index and wavelength, which may be expressed by 
mathematical formulas and/or graphs. 

[0052] As to measuring temperature dependency, there are a number of possible 
configurations that may be used. FIG. 12 shows an implementation of assembly 1 1 that 
includes a heater element driven by a heater driver, and a temperature sensor which is coupled 
to a temperature sending unit. The heater element may comprise highly resistive material that 
is feed with power from the heater driver, and the heater driver received instructions from 
controller 60 (shown in FIG. 6). The heater element may be disposed on one or both of lenses 
20 and 24, in close proximity to lens gap 22. There are several materials suitable for this 
purpose and that are well known to the art. The temperature sensor may comprise any of the 
well-known materials used for temperature sensors; these materials generally have large 
temperature coefficients (large charge in resistor for a change in temperature). The 
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temperature sensor is coupled to a sending unit, which conveys a measured temperature value 
to controller 60. It is preferred in this embodiment that the temperature sensor be separately 
removable from assembly 1 1 so that it may be used for other assemblies. However, it is 
possible to integrate the temperature sensor on assembly 11, such as at the bottom of lens gap 
22, or on top of one or both of lenses 20 and 24. 

[0053] Controller 60 shown in FIG. 6 may be configured to control the application of 
power to the heater element, and configured to read the temperature value sensed by the 
temperature sensor. Controller 60 may be further configured to adjust the temperature of 
substance 1, as measured by the temperature sensor, at a plurality of temperature points, and 
to control beam profiler 30 to measure the beam width BW at each such temperature point. 
As another approach, the heater element may be configured to gradually ramp up the 
temperature above room temperature (20 °C) (or ramp down the temperature from a 
previously set high value, thereby cooling the device by allowing the environment to extract 
heat from substance 1 and the substrate), and controller 60 may be configured to monitor the 
temperature sensed by the temperature sensor, and to then instruct beam profiler 30 to 
measure the beam width BW at selected temperature points as they are encountered, or at 
selected time points during the ramp (so that the time points have different temperature 
values). As yet another approach, beam profiler 30 may be configured to provide periodic 
measured values of beam width BW to controller 60, the heater element may be configured to 
ramp up (or down) the temperature independent of the ramping action of the heater, and 
controller 60 may be configured to periodically read the output of the temperature sensor 
when it receives a measured beam width. In each of these embodiments, a correlated list of 
refractive indices for substance 1 measured at different temperatures can be constructed. 
From this, a relationship between refractive index and temperature can be constructed, which 
may be expressed by mathematical formulas and/or graphs. The several above embodiments 
demonstrate that there are a number of ways of assembling the correlated list of measured 
refractive index and temperature. 

[0054] FIG. 13 shows another implementation of assembly 1 1 where temperature may be 
measured. In this implementation, the heater element (which may be of the same material as 
above) is formed on the bottom of lens gap 22. The temperature sensor may be of the same 
constructions as described above (e.g., separately removable from assembly 1 1, or integrated 
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on assembly 11, such as on top of one or both of lenses 20 and 24). For visual simplicity, the 
heater driver and sending unit have not been shown in FIG. 12, but can be used in this 
embodiment. Any of the above-described methods of assembling the correlated list of 
measured refractive indices and temperature may be used with this embodiment. Still other 
embodiments for measuring the temperature dependence of the refractive index of substrate 1 
can be used. For example, any of the above-described embodiments may be modified by 
using a heated chamber or heat lamp as a source of heat instead of the heater elements shown 
in FIGS. 12 and 13. 

[0055] FIG. 14 shows an embodiment where the electric field dependency of the 
refractive index of substance 1 may be measured. In this embodiment, two electrodes are 
positioned above and below assembly 11, respectively, with the two electrodes being spaced 
at a known distance from each other. Assembly 1 1 retains its optical set-up to source 5 and 
beam profiler 30, such as shown in FIG. 6. A voltage from a power source is applied between 
the two electrodes to create an electric field between the electrodes, which passes through 
substance 1 and assembly 1 1 . From basic electromagnetic relationships well known to the art 
(e.g., Gauss's law), a relationship between the electric field present in substrate 1 as a function 
of voltage on the electrodes may be determined, taking into account the thickness of assembly 
1 1, the electrode spacing distance, and the relative dielectric constants of assembly 1 1 and 
substance 1 . In some embodiments, the air gaps may be eliminated, in which case the 
relationship can simplified as the electric field being substantially equal to the applied voltage 
divided by the thickness of assembly 1 1. As one such embodiment, a conductive material 
may be formed on the back surface of assembly 1 1 as one of the electrodes, and a top 
electrode may be directly pressed against the top surface of assembly 1 1 after substance 1 has 
been disposed in lens gap 22. 

[0056] A number of approaches may then be used to assemble a correlated list of 
measured refractive indices of substance 1 and applied electric field. For example, controller 
60 may have one of its control outputs coupled to the voltage source to direct the selection of 
specific voltages applied to the electrodes, while it instructs beam profiler 30 to measure the 
beam width at selected voltages. In other examples, the voltage source may be configured to 
vary its voltage in a pattern, such as in a sinusoidal pattern or triangular-wave pattern, and 
controller may be configured to have a sensing input coupled to the voltage source to receive 
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its current voltage value (or voltage sensor device may be used instead). In this embodiment, 
controller 60 may instruct beam profiler 30 to measure the beam width when specific voltage 
levels are reached or when specific time points occur, or controller 60 may be configured to 
receive periodic beam width measurements from profiler 30, and correlate these 
measurements in time with the measured voltage values it receives. Although the control 
structure of each of the above embodiments is different, controller 60 is able to assemble a 
correlated list of measured beam widths and voltage levels, and from this a correlated list of 
refractive indices of substance 1 and electric field can be generated. From this, a relationship 
between refractive index and electric field can be constructed, which may be expressed by 
mathematical formulas and/or graphs. 

[0057] FIG. 15 shows an embodiment where the magnetic field dependency of the 
refractive index of substance 1 may be measured. In this embodiment, a coil winding 
disposed around a ferromagnetic C-shaped core having two opposing magnetic poles and an 
air gap between them is used to generate a magnetic field. Assembly 1 1 is disposed within 
the air gap of the core, while retaining its optical setup to source 5 and beam profiler 30, such 
as shown in FIG. 6. (This may be easily accomplished by positioning the core in a plane that 
is transverse to the optical axis 15.) A current from a power source is applied to the coil 
winding to create a magnetic field between the magnetic poles, which passes through the air 
gap, substance 1 and assembly 11. The magnitude of the magnetic field may be varied by 
varying the magnitude of the applied current. In general, the permeabilities (n) of assembly 
1 1 and substance 1 will be the same as that of air (no), and thus the magnetic field will be 
substantially uniform within the air gap. The magnetic field strength may be measured with a 
magnetic field sensor (e.g., a Hall-effect device) at the same time that the refractive index of 
substance 1 is being measured. As another approach, before measuring refractive index, the 
magnetic field strength may be measured, or otherwise determined, as a function of the 
applied current to construct a correlation table or relationship which provides the magnetic 
field strength as a function of applied current. While the use of a ferromagnetic core (of any 
shape) is preferred, it may be appreciated that it is not required, and that a coil alone may be 
used. 

[0058] A number of approaches may then be used to assemble a correlated list of 
measured refractive index of substance 1 and applied magnetic field. For example, controller 
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60 may have one of its control outputs coupled to the current source to direct the selection of 
specific current to the coil winding (which generates corresponding specific magnetic fields), 
while it instructs beam profiler 30 to measure the beam width at selected voltages. In other 
examples, the current source may be configured to vary its current in a pattern, such as in a 
sinusoidal pattern or triangular-wave pattern, and controller may be configured to have a 
sensing input coupled to the current source to receive its current value (or current sensor or 
magnetic field sensor may be used instead). In this embodiment, controller 60 may instruct 
beam profiler 30 to measure the beam width when specific current levels are reached or when 
specific time points occur, or controller 60 may be configured to receive periodic beam width 
measurements from profiler 30, and correlate these measurements in time with the measured 
current values (or magnetic field strength values) it receives. Although the control structure 
of each of the above embodiments is different, controller 60 is able to assemble a correlated 
list of measured beam widths and current levels (or magnetic field strength values), and from 
this can generate a correlated list of refractive indices of substance 1 and magnetic field. 
Thereform, a relationship between refractive index and magnetic field can be constructed, 
which may be expressed by mathematical formulas and/or graphs. 

[0059] We have illustrated the above examples for cases in which substance 1 is disposed 
in lens gap 22 in a static manner. Substance 1 may be in liquid form, gel form, or may be 
solidified into a solid form after initially being disposed in lens gap 22 as a liquid or gel. In 
many manufacturing processes, there is a need to measure the refractive index of a flow of 
liquid material, such as to ensure the quality of the product. For example, in some food 
processing operations, it is important to monitor the sugar content of a liquid ingredient as it is 
being processed. The refractive index of the liquid ingredient has a monotonic relationship to 
the refractive index of the liquid. Thus, the invention may be used to measure the sugar 
content of the liquid ingredient by measuring the refractive index. This may be done real- 
time and in situ, by diverting a small amount of the stream of the liquid ingredient and passing 
it through lens gap 22. Such a setup is illustrated in FIG. 16. In order to facilitate the flow- 
through of the liquid, the lens gap distance LG is increased to 150 urn from 50 ^m, and the 
curvature of the converging lens is changed (Pc = 2278 \im, and Tc = 1 132 ^m). The 
parameters of this second embodiment are provided in Table II. In addition, guides 26 are 
replaced by a tube interface 126 which receives a supply tube and fixes it to substrate 11, and 



W02-SF:5HY\61407168.1 



-18- 



exit guides 127, which direct the fluid away from the assembly. In operation, the supply tube 
provides a continuous sample of the substance to be measured, and controller 60 may be 
configured to periodically direct beam profiler 30 to measure the beam width, and from that 
generate a measured value for the refractive index of the substance. 

Refractive Index Range for the Substance . . 1.330 to 1.336 



Wavelength of source light 1550 nm 



Thickness of lens core layer 5 /xm 

Refractive index of core layer 1 .4553 

Thickness of lens bottom cladding layer ... 15 /xm 

Thickness of lens top cladding layer 7.5 /xm 

Refractive index of cladding layers 1 .444 

Effective core refractive index 1.451974 



Width of lenses 20 and 24 W L = 650 urn 

Length of spreading lens 20 Ls = 2000 /xm 

Curvature of spreading lens 20 Ps = 944 /xm 

T s = 469 /xm 

Length of converging lens 24 Lc = 450 /xm 

Curvature of converging Lens 24 P c = 2278 /xm 

T c = 1132/xm 

Gap length between lenses L G = 150 /xm 



Refractive Index of exit medium 1.0003 (air) 

TABLE II 



[0060] The present invention can be implemented using silica-on-silicon planar lightwave 
circuit technology, which combines thermal oxidation of Si, chemical vapor deposition 
(CVD) of doped oxide layers, and reactive ion etching (RIE) of deep trenches. The present 
invention can also be applied in less expensive polymer-on-substrate lightwave circuit 
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technology, which forms, patterns, and etches successive polymer layers of varying indices of 
refraction, without any drawbacks. A number of photodefinable and transparent polymers are 
available on the market and, thus, such lenses can be fabricated at a fraction of the cost of the 
silica lenses. 

[0061] A second invention of the present application is directed to enabling the 
measurement of optical loss, electro-optical coefficient (EO), thermo-optical (TO) coefficient, 
birefringence, in additional to refractive index. Knowledge of these properties are useful for 
designing devices with the optimal numerical aperture, mode field diameter, beam profile, 
coupling efficiency, and other device properties. 

[0062] FIG. 17 shows a top view of a first embodiment of a second invention of the 
present application where the refractive index of a body of material may be measured. This 
embodiment is based on beam deflection due to differences in refractive index. The 
embodiment comprises an assembly 111 for holding a sample lb whose refractive index is to 
be measured. Assembly 111 comprises substrate 1 12 having a top surface, a first side 113, 
and a second side 1 14. Disposed on top surface of substrate 1 12 is a first planar lens 120 that 
has a first surface for receiving light from a waveguide 1 18 or other optical coupling adaptor, 
and a second surface opposite to the first surface. Waveguide 118 and lens 120 may have the 
same layer construction as waveguide 18 and lens 20 described above. The second surface of 
lens 120 is preferably convex. When waveguide 1 18 is used to couple light to lens 120 and is 
formed with the same layer structure as lens 120 as one continuous piece, the curvature of the 
first surface of lens 120 does not matter. Also disposed on the top surface of substrate 1 12 is 
a second planar lens 124 that is located opposite to first planar lens 120. Second planar lens 
124 has a first surface facing the second surface of first planar lens 120 and a second surface 
opposite to its first surface. There is a gap 122 between the planar lenses 120 and 124 having 
a spacing distance LI between the opposing surfaces of the lenses. Gap 122 is adapted to 
receive sample lb, as described in greater detail below. Without sample lb disposed in gap 
122, light would propagate from first planar lens 120 to second planar lens 124 along an 
optical axis 115. The first surface of second planar lens 124 is preferably substantially flat 
and substantially perpendicular to optical axis 115. The second surface of second planar lens 
124 is preferably convex. Lens 124 may have the same layer construction as lens 24 
described above. 
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[0063] To measure the refractive index of sample lb, it is cut to have two parallel sides (if 
not already formed to have such sides), and it is disposed within gap 122, with the parallel 
sides at an angle 0 to the first surface of second planar lens 124. An alignment guide 126 may 
be etched or formed on substrate 1 12 to assist in this alignment. Angle 6 may be in the range 
of 1 -degrees to 45-degrees, and more preferably in the range of 5-degrees to 15-degrees. 
Sample lb and gap 122 may be on the order of several millimeters, so conventional optical 
positioning techniques (e.g., combination micro-manipulator and microscope) may be used to 
align the side of sample lb to guide 126. A small amount removable adhesive or tacking 
adhesive may be used to hold sample lb in place. Solder may also be used, as well as a thick 
paste, such as thermal grease. Thereafter, light is coupled to planar lens 120 and directed 
through sample lb and second planar lens 124. The axis of the light is deflected as it passes 
through sample lb, the amount of deflection Ad being related to the index of refraction of 
sample lb and the distance between the parallel surfaces of sample lb. If the index of 
refraction of sample lb were 1.0003 (that of air), there would be no deflection. If L S mp is the 
distance between the parallel faces of sample Id and nsMP is the refractive index of the 
sample, the deflection Ad can be approximated as 

aa t n n 1.0003 -COS0 , 
Ad = L SM p ■ sin 6 • (1 — ) 

n SMP ' K 

Where K is the cosine of the internal angle within the sample, and can be estimated as: 



K= Jl- 



( \ 2 
1.0003 

* 

\ n SMP ) 



sin 2 6 , 



where n S mp is an estimate for the index of refraction of sample lb. The amount of deflection 
Ad can be measured by a beam profiler 130, which can determine the location of the 
maximum intensity point along one or two axes. Once the deflection Ad is measured by 
profiler 130 and corrected for any changes caused by second planar lens 124, the refractive 
index nsMP of the sample can be estimated by the above formulas by reverse application. 
Before sample lb is placed in gap 122, beam profiler 130 may measure the location of optical 
axis 1 15 in order to calibrate the system for future measurement, or to "zero" profiler 130. 
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Changes in the deflection caused by lens 124 can be readily determined by optical simulation 
of the sample in the lens structure using commercially available optical simulation software. 

[0064] For a given range of index of refraction to be measured, it is well within the skill 
of the art to use optical simulation software to select the various dimensions and curvatures of 
the lenses in view of present disclosure. In addition, the change in the refractive index of 
sample lb as a function of temperature, electric field, and magnetic field may be determined 
by using the setups shown in FIGS. 12-15, and by configuring controller 60 to control the 
interaction of the components, as described above in detail. 

[0065] FIG. 18 shows a top view of a second embodiment 1 IT of the second invention of 
the present application where the refractive index of a body of material may be measured. 
This embodiment is identical to the embodiment shown in FIG. 17 except that lens 124 is 
replaced by lens 124', which has a first surface which is tilted with respect to optical axis 115. 
The normal N of the lens surface forms an angle 0' with respect to optical axis 115. Angle 0' 
may be in the range of 1 -degree to 45-degrees, and more preferably in the range of 5-degrees 
to 1 5-degrees. Sample lb is abutted against the tilted surface of second planar lens 124', and 
there is no need for the alignment guide 126 of the prior embodiment. The deflection 
measured by profiler 130 as a function of nsMP and Lsmp is more complex to compute in 
mathematic form, but can be readily determined by the use of optical simulation software to 
construct a relationship between measured deflection and nsMP. It is well within the ordinary 
skill in the art to do this in view of the teaching of the present disclosure. 

[0066] For a given range of index of refraction to be measured, it is will within the skill of 
the art to use optical simulation software to select the various dimensions and curvatures of 
the lenses in view of present disclosure. In addition, the change in the refractive index of 
sample Id as a function of temperature, electric field, and magnetic field may be determined 
by using the setups shown in FIGS. 12-15, and by configuring controller 60 to control the 
interaction of the components, as described above in detail. 

[0067] FIG. 19 shows a top view of a third embodiment 111" of the second invention of 
the present application where the refractive index of a body of material may be measured. 
This embodiment is identical to the embodiment shown in FIG. 17 except that lens 120 is 
replaced by lens 120', which has an optical axis 1 15a which is set at an angle 0" with respect 
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to the optical axis 1 15b of second lens 124. Angle 0' may be in the range of 2-degrees to 45- 
degrees, and more preferably in the range of 5-degrees to 20-degrees. Sample lb is abutted 
against the surface of second planar lens 124, and there is no need for the alignment guide 126 
of the prior embodiment. The deflection measured by profiler 130 as a function of n S MP and 
Lsmp is more complex to compute in mathematic form, but can be readily determined by the 
use of optical simulation software to construct a relationship between measured deflection and 
n S MP. It is well within the ordinary skill in the art to do this in view of the teaching of the 
present disclosure. 

[0068] For a given range of index of refraction to be measured, it is will within the skill of 
the art to use optical simulation software to select the various dimensions and curvatures of 
the lenses in view of present disclosure. In addition, the change in the refractive index of 
sample Id as a function of temperature, electric field, and magnetic field may be determined 
by using the setups shown in FIGS. 12-15, and by configuring controller 60 to control the 
interaction of the components, as described above in detail. 

[0069] In addition, the variation of the refractive index to the electric field (specifically 
the electro-optic coefficient) can be measured by forming electrodes on the top and bottom 
surfaces of sample lb before placing the sample in assembly 111", and thereafter applying a 
voltage to the electrodes while measuring the beam deflection. This is illustrated in schematic 
form in FIG. 20. As a modification of this approach, one or both of the electrodes may be 
formed in the shape of a triangle, and the sample may then be placed in assembly 1 1 1 shown 
in FIG. 17 with its edge parallel to the first surface of planar lens 124. This is shown 
schematically in FIG. 21, where the top depiction shows the case where no voltage is applied 
(and therefore no deflection), and where the bottom depiction shows the case where a voltage 
is applied. Similarly, the variation of the refractive index to temperature (specifically the 
thermo-optic coefficient) can be measured by applying elevated temperature to the sample 
while measuring the beam deflection. 

[0070] In all of the above embodiments, it is preferred that the area on the top surface of 
substrate 1 12, in the location between second planar lens 124 (124 f ) and the second side 114 
of the substrate be free of obstructions to the light, with the area being processed so as to be 
light-absorbing, or the area made as short as possible. 



W02-SF:5HY\6 1407 168.1 



-23- 



[0071] This invention can be extended to measure another important optical property, the 
loss factor of the medium. This is typically difficult to measure for small samples because it 
is difficult to focus a test light on small samples, the losses associated with the test setup can 
be larger than the losses of the sample. The invention addresses these issues by using the 
assembly of FIG. 17 to overcome the first problem area, and by using two or more instances 
of the lens configuration, but with different spacing distances between lenses to allow 
different lengths of the sample to be measured. A difference in absorption between the two 
lengths can then be measured to find the loss per unit length. An exemplary assembly 211 for 
this is shown in FIG. 22. Two instances of assembly 111 of FIG. 17 have been integrated 
onto the same substrate 112, each instance using the same reference numbers as assembly 
111, except that a prime symbol (') has been added to the reference numbers of the bottom 
instance. The two instances are identical except for the spacing distance of the gap between 
lens, and the lengths of lenses 124 and 124 ? . The bottom instance has a larger spacing 
distance, which we have noted at L2 in the figure. The top instance has a smaller spacing 
distance, which we have noted as LI. Prior to placing the samples in the assembly, light is 
passed through each lens assembly, and the profiler determines the maximum intensity for 
each instance. These measurements will be used to normalize subsequent measurements, 
thereby removing the intrinsic loss in each lens assembly. As the next step, samples lb and 
lb 1 of the same material, but of different lengths, are placed into respective gaps 122 and 122*. 
Light is directed through each sample, and the profiler determines the maximum intensity for 
each instance, with the samples present. These measured intensities are divided by the 
respective measurements made without samples present to normalize them. The normalized 
values are then divided to find the loss for the difference in length between the two samples. 

[0072] In addition to characterizing loss properties, the above assemblies can be use to 
quantify birefringence effects using a similar methodology. 

[0073] Since the above embodiments are substrate based, they may be manufactured with 
conventional semiconductor processes steps, and made with high precision and low cost 
compared to conventional optics approaches that use micro-manipulator stages to hold and 
align components. In addition, misalignment of the components is minimized. Moreover, 
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each assembly can be reused. 

[0074] As a fourth invention of the present application, a lens structure is integrated on a 
substrate in close proximity to an optical device to monitor the properties of an optical 
material of the device during operation, such as over long periods of time. The lens structure 
has a gap between two lenses, with the gap being filled with the optical material of the device 
to be monitored. The lens structure from any of assemblies 11, 111, 111 1 , and 111" (FIG. 6, 
FIGS. 17-19). An embodiment of the fourth invention is shown at 200 in FIG. 23, where 
assembly 111 1 (FIG. 18) and light source 5 have been integrated on substrate 112 with an 
optical device 201 , which may take any form and may be used for any purpose. The 
exemplary optical device 201 comprises a 1x2 optical switch having an input waveguide 202 
that conveys light to a collimating lens 204. The collimated light is provided as an input to an 
optic deflector 206, which comprises a body of electro-optic material lb' and a triangular 
shaped electrode 208. Deflector 206 is commonly known as a prism deflector, and the 
electrode is commonly known as a prism electrode. An voltage applied to electrode 208 
causes the refractive index of material lb' to change with respect to the material that is not 
covered by electrode 208. This causes a difference in refractive index, which in turn cases the 
beam to deflect in relation to the applied voltage because the triangle cuts across the beam 
axis. A ground electrode may be formed below the body of material lb 1 , or the substrate 1 12 
may be used as a ground electrode. 

[0075] A positive voltage deflects the beam in one direction, while a negative voltage 
deflects the beam in the opposite direction. Two directions thus arise, allowing the input 
signal to be diverted to one of two outputs to provide the 1x2 switch. Deflector 206 is abutted 
against a slab waveguide 210 to couple its output thereto. Slab waveguide 210 enables the 
two possible defected beam paths to develop some spatial separation so the may be collected 
by respective focusing lenses 212 and 214. The focusing lenses feed respective output 
waveguides. Slab waveguide 210 has a curved exit surface to assist in the focusing. 

[0076] A controller 220 receives an input switch signal which indicates the desire optical 
coupling of the input signal to one of the two output signal. Conventionally, controller 220 
would be initially calibrated to apply the required voltages to effect the couplings. These 
voltages would remain in place until the end-of-use of the device. A problem arises, however, 
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in that the optical properties of material lb change with time, which can cause degradation in 
the optical coupling of the signal to the outputs. In the fourth invention, a representative 
sample lb of the electro-optic material is monitored by an embodiment of assembly 111", 
light source 5, and beam deflection profiler 130. Beam profiler 130 may comprise an array of 
closely spaced photo-detectors to sense the position of the deflected beam, and circuitry that 
provides controller 220 with an indication of the deflection or an indication of the refractive 
index. Using this information, controller 220 may comprise a pre-stored relationship (such as 
in the form of a table or mathematical equation) of the applied voltages to use for deflector 
206 based on the measured result provided by source 3, assembly 111", and profiler 130. The 
relationship may indicate the absolute voltage values to use, or may indicate delta voltage 
corrections from base voltage values. As a further feature, an electrode may be formed on the 
top surface of sample lb, and the controller may apply various voltages to sample lb as part 
of the monitoring process. 

[0077] In the above way, the controller is able to modify its control signals to the optical 
device in order to compensate for changes in the properties of the device's electro-optic 
material due to temperature, humidity, electric fields, magnetic fields, aging, etc. 

[0078] It may be appreciated that the fourth embodiment may also be practice using 
apparatus 10 shown in FIG. 6. In this case, the electro-optic material lb' for the optical device 
and for substance 1 may be formed from a liquid and subsequently cured to a solid state. The 
beam profiler 30 may also comprise an array of photo-detectors and internal analog circuitry 
and digital circuitry that determines the beam width from the relative intensities on the photo- 
detectors. For this, the input of a single analog-to-digital conversion circuit may be multiplex 
between the outputs of the photo-detectors to find the relative spatial intensity of the beam, 
and the digital circuitry may compare the detector outputs against the center detector's output 
to estimate the beam width. 

[0079] While the present invention has been particularly described with respect to the 
illustrated embodiments, it will be appreciated that various alterations, modifications and 
adaptations may be made based on the present disclosure, and are intended to be within the 
scope of the present invention. While the invention has been described in connection with 
what is presently considered to be the most practical and preferred embodiments, it is to be 
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understood that the present invention is not limited to the disclosed embodiments but, on the 
contrary, is intended to cover various modifications and equivalent arrangements included 
within the scope of the appended claims. 
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